There have been few studies investigating the association between atopic dermatitis (AD) and prenatal exposure to heavy metals. We aimed to evaluate whether prenatal exposure to heavy metals is associated with the development or severity of AD in a birth cohort study. A total of 331 subjects were followed from birth for a median duration of 60.0 months. The presence and severity of AD were evaluated at ages 6 and 12 months, and regularly once a year thereafter. The concentrations of lead, mercury, chromium, and cadmium in umbilical cord blood were measured by inductively coupled plasma mass spectrometry. Cord blood mononuclear cells (CBMCs) were isolated and stimulated for analysis of cytokine production using ELISA. Heavy metal levels in cord blood were not associated with the development of AD until 24 months of age. However, a positive correlation was observed between the duration of AD and lead levels in cord blood (p=0.002). AD severity was also positively associated with chromium concentrations in cord blood (p=0.
INTRODUCTION
Atopic dermatitis (AD) is a chronic inflammatory pruritic skin disease mostly occurring in infants and young children. Recent nationwide studies have reported the prevalence of AD to be about 10%-15% in Korean children (1, 2) . The natural course of AD varies depending on ethnicity, geographical regions, severity, and allergic sensitization (3) . Approximately a third of patients with AD occurring in the first year of life showed intermittent or persistent skin symptoms during a mean follow-up period of 60 months, although many cases disappeared over time (3) . The chronicity and frequent relapses of AD have a considerably negative impact on the quality of life of affected children and their families (4) .
Environmental factors play a critical role in the development of AD by triggering skin barrier dysfunction, immune dysregulation or both (5) . For example, exposure to fine particulate matter or redecoration activities during the perinatal period may increase the risk of AD development (6, 7) . Careful attention also has to be paid to heavy metal exposure, such as lead (Pb), mercury (Hg), chromium (Cr), and cadmium (Cd), because they act as toxicants and people are widely exposed to them through food, water, and air (8, 9) . High cadmium levels in cord blood were associated with the presence of AD in 6-month-old infants (10) . Prenatal lead exposure was linked to an increased risk of sensitization to common inhalant allergens in early childhood (6) . Heavy metals were reported to skew immune responses toward a Th2 bias and to increase production of IgE (11) . However, studies investigating the association between AD and prenatal exposure to heavy metals are still lacking.
In this prospective birth cohort study, we evaluated whether prenatal exposure to heavy metals is associated with the development or severity of AD in infants by measuring cord blood levels of lead, mercury, chromium, and cadmium. In addition, we investigated the relationship between cytokine levels and heavy metal concentrations in cord blood.
MATERIALS AND METHODS

Study population and clinical evaluation
We conducted a population-based, prospective birth cohort study (COhort for Childhood Origin of Asthma and allergic disease; COCOA) (11) . Women in the third trimester of pregnancy were enrolled from 4 tertiary hospitals (Asan Medical Center, Samsung Medical Center, Severance Hospital, and CHA Gangnam Medical Center) and 7 public health centers in Seoul from November 2007 to September 2011. The women were asked to respond to a questionnaire regarding basic demographic information, parental history of allergic diseases, and dietary pattern during pregnancy. Neonates were excluded if they were premature or they had a major congenital anomalies or birth asphyxia. Finally, we selected and analyzed 331 subjects who were followed up for at least 2 years, because AD shows chronic course with high relapse rate. The presence of parental history of allergic diseases was defined as having been diagnosed with AD, asthma, or allergic rhinitis by a physician. Information regarding pregnancy and delivery was collected from the medical records shortly after delivery.
During the follow-up period, all the subjects were evaluated at 6 and 12 months of age, and regularly once a year thereafter. The diagnosis of AD was based on the criteria defined by Hanifin and Rajka (12) . At consecutive visits, AD patients were assessed by pediatric allergists using the SCORing Atopic Dermatitis (SCORAD), ranging from 0 to 103 (13) .
Written informed consent was obtained from all pregnant women and the study was 
Biochemical analysis of cord blood
Heparinized blood samples were obtained from newborn umbilical cords at birth. Eosinophils were counted and total IgE levels were determined using the Immuno-CAP (Thermo Fisher Scientific, Waltham, MA, USA) system. For the measurement of lead, mercury, chromium, and cadmium, we used inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies 7700 series; Agilent Technologies, Santa Clara, CA, USA). The calibration standards were loaded into the auto-sampler and the calibration curve showed satisfactory linearity, with the r of the curve calculated as 0.999. Concentrated red blood cell samples were prepared using a matrix solution (1% ammonium hydroxide, 2% butanol, 0.05% EDTA, 0.05% Triton X-100, and distilled water). Reading data were analyzed using the Mass Hunter Workstation Ver. B01.01 (Agilent Technologies). The limit of detection of lead, mercury, chromium, and cadmium was 0.067 µg/l, 0.017 µg/l, 0.068 µg/l, and 0.015 µg/l, respectively.
Cord blood mononuclear cells (CBMCs) were separated on a Histopaque (Sigma Chemical Co., St Louis, MO, USA) gradient within 24 h of sample collection, and the collected cells were washed with phosphatebuffered saline according to the method described in previous studies (11, 14) . CBMCs were cultured in Iscove's modified Dulbecco's medium supplemented with 1% antibiotic-mycotic and 10% FBS (all from GIBCO BRL, Eggenstein, Germany). CBMCs were resuspended to 1×10 5 cells/200 µl/well in 96-well plates and incubated with 100 µg/ml ovalbumin (OVA, chicken egg albumin grade V; Sigma Chemical Co.) or 10 µl/ml phytohemagglutinin (PHA)-M (GIBCO BRL) for 48 hr, with 1 µCi of [3H]-thymidine added to each well for the final 12 hr. The cells were harvested onto microfiber filters (Simport, Beloeil, Canada) and the radioactivity on the dried filters was measured in a liquid scintillation counter. The supernatants of PHA-stimulated cells were obtained after 48 hr in culture and stored at −70°C until assayed for IL-13 and IFN-γ by enzyme-linked immunosorbent assays using commercially available kits (R&D Systems, Minneapolis, MN, USA). All supernatants were assayed in duplicate. The limits of detection were 62.5 pg/ml for IL-13 and 15.6 pg/ml for IFN-γ.
for binary data with logit link function to investigate the association between each of heavy metal levels and the development of AD lesions until 24 months of age. Bivariate associations between heavy metal levels and disease duration were assessed in patients with AD lasting for more than 6 months, using partial Spearman's correlation analysis after adjusting the variables with p value less than 0.2 in a univariable analysis. In addition, the relationship of SCORAD index with each heavy metal concentrations was analyzed in subjects with AD using a mixed model for repeated measurements. The mixed model was also applied to analyze the association of heavy metal levels with eosinophil, total IgE, IL-13, and IFN-γ levels in cord blood. Total IgE levels were transformed with a natural logarithm for association analysis. Variables with a p value of less than 0.2 on univariable analysis were chosen for multivariable analysis. Candidate variables for adjustment included gender, delivery mode, gestational age, parental history of allergic diseases, presence of siblings, maternal education level, season of birth, pet ownership during pregnancy, home remodeling during pregnancy, exclusive breastfeeding during the first 6 months of life, and antibiotic treatment during the first 6 months of life. A p value of <0.05 was considered to be significant.
RESULTS
Clinical characteristics of subjects
In the present study, a total of 331 children (142 boys and 189 girls) followed up for at least 2 years were analyzed ( Table 1 ). There were no patients lost to follow up in 331 children who were included in the final analysis. The median follow-up duration was 60 months (range, 24.0-69.0 months). The median levels of lead, mercury, chromium, and cadmium in cord blood were 1.3 µg/dl (range, 0.2-4.3 µg/dl), 7.2 µg/l (range, 1.6-71.5 µg/l), 6.9 µg/l (range, 1.5-20.5 µg/l), and 0.1 µg/l (range, 0-2.5 µg/l), respectively. The median levels of total IgE and eosinophils in cord blood were 0.3 IU/ml (range, 0-100.0 IU/ml) and 3.0% (range, 0%-14.0%), respectively. 
Associations between heavy metal levels and the development of AD
Among 331 children, 137 (41.4%) patients developed AD during the follow-up period. There were no differences in lead, mercury, chromium, and cadmium levels between subjects with and without AD (p=0.262, p=0.541, p=0.389, and p=1.000, respectively). Univariable and multivariable analyses did not show significant relationships between lead, mercury, chromium, and cadmium levels in cord blood and the risk of developing AD (all p>0.05; Table 2 ).
Associations between heavy metal levels and duration of AD
When we evaluated the associations between heavy metal levels in cord blood and the disease duration in 103 patients with AD lasting for more than 6 months, a significant correlation was found between lead levels and the duration of AD in both univariable (ρ=0.346, p<0.001) and multivariable (ρ=0.308, p=0.002) analyses ( Fig. 1) . However, there were no significant correlations between cord blood levels of mercury, chromium, and cadmium and the duration of AD.
Associations between heavy metal levels and the severity of AD
When we evaluated the associations between heavy metal levels in cord blood and AD severity in 137 patients who had AD during the follow-up period, no statistical significance was found between lead, mercury, chromium, and cadmium levels in cord blood and SCORAD index (p=0.981, p=0.113, p=0.055, and p=0.076, respectively) in univariable analysis ( Correlation between lead levels in cord blood and the duration of AD in 103 children whose skin symptoms lasted for more than 6 months. Statistical analysis was done using partial Spearman's correlation analysis after adjustment for gender, presence of siblings, season of birth, and antibiotic treatment during the first 6 months of life (ρ=0.308, p=0.002).
However, multivariable analysis showed a positive association between SCORAD index and chromium concentrations in cord blood (p=0.037; Fig. 2) . Cord blood levels of lead, mercury, and cadmium were not significantly associated with AD severity in the multivariable analysis (p=0.562, p=0.054, and p=0.055, respectively).
Associations between heavy metal levels and biochemical profiles in cord blood
Univariable analysis in 331 children showed that IL-13 levels in cord blood were positively related with lead levels in cord blood (p=0.028), although there were no significant associations between mercury, chromium, and cadmium levels and IL-13 levels (p=0.726, p=0.075, and p=0.520, respectively; Table 4 ). The multivariable analysis revealed that cord blood levels of lead and chromium levels were positively related to IL-13 levels in cord blood (p=0.021 and p=0.015, respectively; Fig. 3 ). However, total IgE levels, percentage of eosinophils, and IFN-γ levels in cord blood showed no significant relationship with the concentrations of any heavy metals in univariable and multivariable analyses. 
DISCUSSION
Only a few studies have reported the relationship between prenatal exposure to heavy metals and the occurrence of allergic diseases (10) . In the present study, we found that AD persisted for longer periods in children with higher lead levels in cord blood and children with higher cord blood levels of chromium in cord blood were associated with more severe AD symptoms. In addition, chromium and lead were associated with IL-13 levels in cord blood. It means that exposure to chromium during prenatal period does not develop AD, but may be involved in aggravation of skin symptoms through Th2 skewing. To our knowledge, this is the first study showing that fetal exposure to heavy metals may contribute to the persistence and severity of AD in early childhood.
Lead and chromium are common environmental pollutants which the general population are frequently exposed to (15, 16) . Lead is found in paint, food, and other products such as gasoline (16) . Chromium, released from industries that use the element, is also detected in the air, soil, and water (17) . The heavy metal levels of cord blood in the present study were similar to those reported in previous studies conducted in Korea, China, Poland, and Spain, while cadmium levels seem to be lower than those in other studies (6, 10, 16, 18, 19) . None of the subjects showed lead concentrations above the reference value of 5 µg/dl established by the Centers for Disease Control and Prevention (20), indicating that even low levels of intrauterine exposure to lead may harm children's health. This is consistent with experimental animal studies in which lead exposure in fetuses induced more immune alterations than in adults, even at very low levels of exposure (21, 22) . Moreover, certain species of animals showed lead-induced immunotoxicity in a dose-dependent manner (23) . It remains unclear whether the adverse effect of chromium on AD severity in Korean infants is attributed to the exposed amount or other reasons such as the valence of chromium ion.
Our results are different from those of a previous Korean study in which high cadmium levels in cord blood were associated with the presence of AD at 6-months of age (10) . It might be due to different methods of diagnosing AD. While we directly examined the infants and children for the diagnosis of AD, they evaluated AD in 6-month-old infants using a questionnaire in the previous study (10) . Because young infants often exhibit a variety of skin rashes mimicking AD, the diagnostic accuracy could be low when the diagnosis is relied upon questionnaires alone (24, 25) .
There was no association between the concentration of heavy metals in cord blood and biomarkers for immune dysregulation such as IgE, thymic stromal lymphopoietin, and IL-33 (26) . By contrast, other studies demonstrated that exposure to chromium or lead alters humoral and cellular immunity, and is associated with atopy or allergic diseases (27) (28) (29) . Pakistani children working in the surgical instrument-manufacturing industry showed a 35 times higher urinary concentration of chromium and a higher prevalence of asthma than schoolchildren in the same country (30) . Co-exposure to OVA and the inhaled particulate hexavalent chromium in BALB/c mice induced more severe airway inflammation and hyperresponsiveness than those exposed to OVA alone (17) . In children with a mean age of 9.9 years in Hong Kong, blood lead levels were positively related with AD severity and poor quality of life (27) . In that study, cord blood lead concentration also showed a positive relationship with peripheral blood eosinophil counts and serum total IgE levels, suggesting that children's atopic status might be affected by prenatal exposure to lead (27) . A recent study using data from the National Health and Nutrition Examination Survey for adults in the US revealed that blood lead concentrations were related to total IgE levels and allergic sensitization to dust mites and arthropods (28) . However, those studies were designed as cross-sectional observational studies, and thus had limitations for identifying causal relationships. The impact of heavy metal exposure during the perinatal period on AD was not evaluated in those studies (27, 28) .
Prenatal exposure to heavy metals has been reported to skew toward Th2 immune responses and to increase production of IgE, although the exact mechanism is not fully understood (6, 29, 31, 32) . In a birth cohort study, it was shown that prenatal exposure to lead may enhance sensitization to common inhalant allergens at the age of 5 years (6) . In addition, lead exposure led to the production of IL-4, IL-5, and IL-10 and suppressed IFN-γ expression in an animal model (29) . Mercuric chloride promoted the release of histamine, IL-4, IL-13, and leukotriene C4 from human basophils (31) . In mice challenged with potassium dichromate, serum total IgE levels were higher than those in the control group (32) . In accordance with previous studies, our study showed a positive association between IL-13 expression and lead and chromium levels in cord blood. In addition, a trend for relationship between mercury and cadmium levels in cord blood and AD severity was seen, with p value of 0.054 and 0.055. Taken together, our findings raise the possibility that intrauterine exposure to heavy metals may influence the clinical severity of AD by modifying the immune reaction toward a Th2 polarization.
A limitation of the present study was that we did not measure the blood concentration of heavy metals in our subjects after birth. Therefore, it was difficult to determine how long the hazardous impact of heavy metal exposure during the fetal period was maintained. Secondly, we failed to find the source of heavy metal exposure in the present study, although previous Korean studies have showed that blood lead levels in the general population were associated with tobacco smoking, drinking, and certain dietary intake such as seafood and vegetables (33, 34) . Identification of sources and exposure routes is needed to effectively minimize the prenatal exposure to heavy metals.
In conclusion, prenatal exposure to lead and chromium is associated with the duration and severity of AD, and the immune reaction toward a Th2 polarization. Future studies could highlight the importance of the avoidance of heavy metal exposure during pregnancy to alleviate severe skin symptoms in infants with AD.
